LC3s (MAP1-LC3A, B and C) are structural proteins of autophagosomal membranes, widely used as biomarkers of autophagy. Whether these three LC3 proteins have a similar biological role in autophagy remains obscure. We examine in parallel the subcellular expression patterns of the three LC3 proteins in a panel of human cancer cell lines, as well as in normal MRC5 fibroblasts and HUVEC, using confocal microscopy and western blot analysis of cell fractions. In the cytoplasm, there was a minimal co-localization between LC3A, B and C staining, suggesting that the relevant autophagosomes are formed by only one out of the three LC3 proteins. LC3A showed a perinuclear and nuclear localization, while LC3B was equally distributed throughout the cytoplasm and localized in the nucleolar regions. LC3C was located in the cytoplasm and strongly in the nuclei (excluding nucleoli), where it extensively co-localized with the LC3A and the Beclin-1 autophagy initiating protein. Beclin 1 is known to contain a nuclear trafficking signal. Blocking nuclear export function by Leptomycin B resulted in nuclear accumulation of all LC3 and Beclin-1 proteins, while Ivermectin that blocks nuclear import showed reduction of accumulation, but not in all cell lines. Since endogenous LC3 proteins are used as major markers of autophagy in clinical studies and cell lines, it is essential to check the specificity of the antibodies used, as the kinetics of these molecules are not identical and may have distinct biological roles. The distinct subcellular expression patterns of LC3s provide a basis for further studies.
Introduction
Autophagy is a major intracellular pathway for the degradation and recycling of long-lived proteins and entire organelles [1, 2] . LC3s (MAP1-LC3s) are structural proteins of autophagosomal membranes. The human LC3 gene family has three members, LC3A, LC3B and LC3C, whilst two variants of the LC3A protein have been identified [3, 4] . The human LC3 gene family has three members the LC3A, LC3B and LC3C while in a recent paper has been reported five members, LC3A (variant-1, variant-2), LC3B, LC3B2 and LC3C [4] . The form LC3-II is one of the main components of the autophagosome membrane (LC3A-II and LC3B-II, also LC3C-II but not studied here) that resides in both the inner and outer site of the membrane. The LC3-II is derived from a proLC3~30KDa protein after cleavage by autophagin Atg4 to produce the active cytosolic form LC3-I. This in its turn is activated by Atg7, and then transferred to Atg3, a second E2-like enzyme, becoming a membrane-bound form, LC3-II [5] . After autophagosome formation, the LC3-II located in the outer site is released to the cytosol and the LC3-II located in the inner site is degraded by hydrolases [6] . In this latter form, LC3-II localizes on the spherical autophagosomal and autolysosomal membranes, forming a suitable marker of autophagic activity [6, 7] .
Whether these three LC3 proteins have a similar biological role in autophagy or other pathways remains obscure. In the literature, most studies focus on an overall LC3 expression, without reporting on the specificity of antibodies used, based on the arbitrary assumption that A and B forms are equivalent. In the current study we examine, after extensively validating antibody specificity, the expression in parallel of the three LC3A, B and C proteins in human cancer cell lines, showing distinct patterns of sub-cellular localization, suggesting a distinct biological role of these sister proteins.
Results

Identification of LC3A and B specific antibodies
The specificity of the antibodies tested against to the commercial available human recombinant proteins LC3A and LC3B is shown in Fig 1A. The anti-LC3A antibodies (ap1805a and ab62720) are specific to the protein LC3A and the anti-LC3B antibodies (5F10 and NB100-2220) are specific to the protein LC3B. The L8918, NB600-1384 and L7543 can bind either to the LC3A or LC3B, but with different sensitivity, while the ab52628 failed to detect either of the two isoforms under the same conditions. We focused on both LC3A and LC3B proteins to analyze autophagic response to Bafilomycin in cell lines using the two antibodies that selectively recognize these isoforms. The two isoforms showed different base line and response profile expression (Fig 1B) Under bafilomycin stress there was accumulation of the LC3A-II and LC3B-II in all cell lines, suggesting that both proteins could be used to assess autophagic flux (Fig 1B) . The T98G and BT474 cell lines have higher autophagic flux (as assessed either by LC3A or LC3B immunoblotting) compared with the U87MG and MDA-MB-231 respectively (Fig 1B) .
LC3A and LC3B expressing autophagosomes
Confocal microscopy with double LC3A/B immunofluorescence, using LC3-type specific antibodies, revealed that LC3A and LC3B autophagosomes are distinct and that there are no autophagosomes expressing both proteins (Fig 1C1 and 1C2 ). This finding was universal in all cell lines examined. Colocalization analysis revealed a percentage <1% whilst LC3A/LAMP2A colocalization in control cells was higher than 20% (Fig 1C3 and 1C4) .
The distinct identity of LC3A versus LC3B autophagosomes was also confirmed after intensification of autophagy under acidic conditions (Fig 1C5) and after autophagy flux blocking following exposure to Bafilomycin (Fig 1C6) . In contrast, non-specific antibodies showed a wide superimposing expression, a result of dual recognition of LC3A and LC3B by the antibody (Fig 1D1 and 1D2) . The LC3A and LC3B processing after 24h of Bafilomycin (100nM) treatment in glioma and breast cancer cell lines, using the LC3A specific ab62720 and of the LC3B specific 5F10 antibodies (C) Double immunofluorecence in the A549 cell line using the ab62720 recognizing exclusively the LC3A protein and the 5F10 antibody that reacts exclusively with LC3B. Noted a clearly distinct expression of LC3A in green vacuoles with perinuclear/nuclear localization and of LC3B red vacuoles that have a diffuse, throughout the cytoplasm, localization. There are no autophagosomes composed of both LC3A and LC3B proteins (c1,c2), whilst LC3A and LAMP2a show Using siRNA for LC3A and LC3B, these specifically blocked the accumulation of LC3A or of LC3B autophagosomes, respectively (Fig 1E1, 1E2 and 1E3 ). Silencing of LC3A or of LC3B confirmed loss of the identification of the respective proteins in western blots (Fig 1E4) .
Cytoplasmic LC3A and LC3B localization patterns
The distribution of LC3A and LC3B in the cytoplasm was quite distinct. LC3A was mainly accumulated in the perinuclear area, while LC3B was evenly distributed throughout the cytoplasm. This phenomenon was evident in all cell lines examined and, as shown by cytoplasmic expression intensity analysis, perinuclear LC3A reached up to 90% (range 60-90%) of the total protein cytoplasmic content (Fig 2A1-2A7) . Occasionally, small LC3A+ autophagosomes included in LC3B+ autophagosomes were evident in the cytoplasm (Fig 2A1 and 2A2 ).
Nuclear LC3A and LC3B localization patterns LC3A was clearly localized in the nuclei of all cancer cell lines examined, including the HUVEC s and the human MRC5 fibroblast line (Fig 2A1-2A7) . Western blot analysis after triple fractionation (nuclear-pellet-supernatant) showed clearly presence of the LC3A proteins in the nuclei, more evident as LC3A-II form, that was more prominent in the glioblastoma cells (Fig 2A8) .
LC3B was poorly expressed in the nuclei but strongly expressed in the nucleolar regions, an area that was negative for LC3A. Nucleolar strong staining is evident in 60-95% of cell depending on the cell line. For example the A549 lung cancer cell line exhibits this staining pattern in 60% of cultured cells, whilst this is as high as 95% in the lung cancer H1299 cell line. Fig 2B1-2B6 show a typical pattern of expression in 4-colour confocal microscopy. Ki67 stains nucleoli and colocalizes with LC3B, but not LC3A. Treatment of cells with Actinomycin D (Fig 2C1) that damages nucleoli resulted in lack of LC3B and Ki67 localization in the nuclei. In contrast, exposure of cells to acidic conditions (pH = 6.5) or hyperthermia (40°C) for 24h did not abrogate the distribution of LC3B in the nucleoli or of LC3A in the nuclei (Fig 2C2 and 2C3 ). Western blot analysis in the nuclear fraction confirmed the presence of the LC3B protein (Fig 3) .
Expression of LC3C
LC3C was clearly expressed in the cytoplasm and more intensively in the nuclei of cells ( Fig  4A) . Western blot analysis showed a clear presence of LC3C in the nuclear fraction ( Fig 4E) . There was no evident localization in the nucleolar areas and in double immunofluorescence with LC3B there clearly lack of collocalizaton in the nucleoli and in the cytoplasm (Fig 4B) . In double immunofluorescence, LC3C was extensively co-localized with the LC3A in the nuclear area ( Fig 4C and 4D ), while their colocalization was minimal in the cytoplasm. The prominent expression of LC3C in the nuclei was also confirmed in western blot analysis (Fig 4E) . These findings were confirmed in all cell lines examined. Table 1 summarizes the distinct expression patterns for LC3A, LC3B and LC3C.
extensive colocalization (c3,c4). The distinct identity of LC3A and LC3B autophagosomes was also confirmed under acidic conditions (c5) and after exposure to bafilomycin (c6). (D) Double immunofluorecence in A549 cell line using the ab62720 recognizing exclusively the LC3A protein and the NB600-1384 that reacts with both LC3A and LC3B proteins. Noted that the majority of the perinuclear/nuclear LC3A (green) vacuoles show double immunofluorescence (yellow), a result of double LC3A/LC3B reactivity that produces the NB600-1384 antibody. (E) LC3A and LC3B siRNAs specifically block the expression of the LC3A and LC3B proteins, respectively, in A549 cell line (E1,2,3). In E4 the reactivity of LC3A (ab62720 Ab) and of the LC3B (5F10 antibody) is shown, following silencing of the LC3A or of the LC3B genes, in the A549 cell line. Noted the LC3A accumulation in the perinuclear area, while LC3B is distributed throughout the cytoplasm (A1-7). LC3 aggregates, suggestive of small LC3A+ autophagosomes included in LC3B + autophagosomes, are occasionally present (boxes in A1,2). Western blots confirm the nuclear presence of LC3A in the nuclei, mainly with the LC3A-II form (A8). (B) Nucleoli are stained with the MIB1/green (B1), the LC3B/red (B2), but not the LC3A/violet antibody (B3); LC3A specific ap1805a and of the LC3B specific 5F10 antibodies were used. This is confirmed in double immunostaining for LC3A/MIB1 (B4), LC3B/MIB1 (B5) and LC3A/LC3B (B6). Noted that LC3B stains the internal nucleolar areas, while MIB1 the peripheral. (C) Actinomycin D damages nucleoli and disrupts the nucleaolar LC3B and MIB1 localization (C1). Acidic conditions (pH = 6.5; C2) or hyperthermia (40°C; C3) do not abrogate the distribution of LC3B in the nucleoli nor of LC3A in the nuclei. Lamin is also used as a control to confirm the presence of nuclei only in the nuclear fraction. 
LC3 nucleo-cytosolic trafficking
Cells were incubated for 24h with Leptomycin B, a specifically and potent inhibitor of the CRM1/exportin 1 pathway of nuclear export. At 10 ng/ml for 24h incubation, accumulation of LC3A in the nuclei was increased, suggesting a blockage of LC3A extrusion kinetics from the nuclei (Fig 3A) . Of interest, LC3A nuclear accumulation showed an intense co-localization with the autophagy signaling protein Beclin-1, and similar kinetics under Leptomycin B exposure (Fig 3B) . Similar kinetics and colocalization patterns with Beclin-1 was confirmed for the LC3C protein (Fig 3C) .
Ivermectin, on the other hand, is a potent inhibitor of importin α/β (Impα/β1) nuclear import dependent transport. Cells were incubated for 24h with Ivermectin at various concentrations. Following a 24h incubation at 100 μg/ml, the accumulation of LC3s and of Beclin-1 in the nuclei was decreased, while cytoplasmic staining was increased (Fig 3D and 3E) . The findings, however, varied among cell lines, as decrease expression was not confirmed for all proteins in all cell lines.
Discussion
In humans the LC3 gene family has five members, the LC3Av1 (variant 1; NM_032514), LC3Av2 (variant 2; NM_81509), LC3B (NM_022818), LC3B2 (NM_001085481) and the LC3C (NM_001004343). The geneloc for LC3A is 20.q11.22 whereas for the MAP1LC3B is 16q24.2 and MAP1LC3C is 1q43. Both LC3A and LC3B are differentially expressed in normal tissues [3, 4, 7, 8] . Further, the LC3C (the third isoform of the LC3 family) is believed to be poorly or not expressed in most normal tissues [3, 4, 7] . However, only the LC3A (variant 1), LC3B and LC3C has been show to have post translation modification and generate the form-II [4] . Further, going back to the literature [3, 7, 8 ] the post translation site for the MAP1LC3B only is not conserved. For example He et al. 2003 [3] reported that essential site for the distinct post-translation modification of MAP1LC3B is Lys-122 rather than the conserved Gly-120, which reported for the MAP1LC3A and MAP1LC3C. On the other hand Tanida et al. 2005 [8] reported that the carboxyl terminus of MAP1LC3B is cleaved to expose Gly(120) for further ubiquitylation-like reactions. In these two publications it seams that the MAP1LC3B produce the LC3B-II, while the post-translational modification site is not conserved.
In the literature the best-studied endogenous autophagic marker is LC3B. It is stressed, however, that the majority of the studies performed use anti-LC3 antibodies presumed to be anti-LC3B and not anti-LC3A, without having validated their specificity [9, 10, 11] . There is a high identity between the LC3A and LC3B isoform, indicating that the epitopes used to develop specific antibodies are crucial. According to our results some antibodies are not specific, recognizing both isoforms with a varying sensitivity, while others are able to detect the specific isoforms of LC3A and LC3B. In any case, specifying the LC3-type studied would be unnecessary if indeed the different LC3 proteins had the same expression pattern and biology in normal and cancer tissues. However, this is not the case as shown in the current study. In a previous study of ours [12] , examining the autophagic flux in mouse tissues after various stresses, immunoblotting work showed that LC3A protein follows discrete patterns of LC3A-I and LC3A-II changes in liver, lung, kidney and heart tissues of mice. This stressed that LC3A is also stress inducible and has specific patterns of expression of its soluble and autophagosome bound form. Herein, in confocal microscopy using validated specific anti-LC3 antibodies we confirmed that LC3A and LC3B autophagosomes are distinct, never composed by both proteins and have distinct subcellular distribution. The LC3A prevalent perinuclear expression contrasts with the rather homogeneous distribution of LC3B throughout the cytoplasm, suggesting a distinct biological role between the two autophagosome types. Of interest, in a paper by Bai et al. 2012 [4] . LC3A and LC3B frequently co-localized in the same puncta in starvation conditions (67%) while in basal conditions the co-localization was at 13% in Saos-2 cells. We also noted, in confocal microscopy, a sporadic colocalization of LC3A and LC3B, giving the impression of a large LC3B+ autophagosome digesting an LC3A+ one.
The cytoplasmic biology of LC3 mediated autophagy is well studied. The role of LC3s in the nuclei remains obscure. Karim et al first detected the LC3-II protein form in the nuclei of rat hepatocytes [13] , which is in accordance with our unpublished experience with BALB/c mouse hepatocytes. Drake et al reported that although LC3A and B share no known nuclear localization signal, a nuclear export signal may exist, located at residues 63 to 73 of human LC3 [14] . EGFP-LC3 protein was clearly localized in the nuclei of COS-7 cells. In the current study, using a wide range of cancer cell lines, as well as normal human fibroblasts and endothelial cells, we confirmed the nuclear presence of all three LC3 proteins. There was, however, a striking differential localization of the LC3B protein that preferentially localized in the nucleolar regions, while the A and C forms were localized in the extra-nucleolar nuclear area. The role of this LC3B nucleolar expression remains a mystery, just like the role of LC3A and LC3C in the rest of nucleus. He et al proposed that nuclear LC3 may be involved in the control of cell proliferation in promyelocytic leukaemia [15] .
We investigated whether known nuclear transport pathways are involved in the nucleocytosolic trafficking of LC3s. The nuclear protein import and export pathway mediated by nuclear pore complexes (NPC) was studied, using the agent Leptomycin B, an antifungal antibiotic, that specifically and potently inhibits the CRM1/exportin 1 pathway of nuclear export by directly binding the CRM1 protein [16, 17] . Following 24h incubation of lung and glioblastoma cell lines, a substantial accumulation of LC3A, LC3C and of Beclin-1 proteins was evident by confocal microscopy, which was also confirmed on western blot analysis. This contrasts with the finding by Drake et al [14] , where a short 3h incubation of COS-7 and HeLa cells with Leptomycin did not result in EGFP-LC3 nuclear accumulation. Beclin-1 contains a leucinerich nuclear export signal and disruption of CRM1 function results in nuclear accumulation of Beclin-1 [18] . Of interest, Beclin-1 co-localizes in the nuclei with LC3A and LC3C, while no prominent co-localization was noted in the cytoplasm. Whether Beclin-1 binding to LC3 is required for nuclear entrance of a complex demands further investigation.
Ivermectin, on the other hand, is a potent inhibitor of importin α/β (Impα/β1) nuclear import dependent transport, with no effect on proteins containing nuclear localization signal (NLSs) recognized by alternative nuclear import pathways [19] Incubation of cancer cell lines with Ivermectin resulted in decreased expression of LC3s and Beclin-1 in the nuclei, a result however that varied among cell lines and proteins examined.
Since endogenous LC3 proteins are major markers of autophagy, it is essential to check the specificity of the antibodies used when performing experiments for LC3A or LC3B processing in response on different type of stressors. These molecules are not identical and may have distinct biological roles, not well clarified as yet. The nucleolar LC3B localization and the nuclear LC3A, LC3C and Beclin-1 accumulation found in the current study provide a basis for further studies on the distinct biological role these proteins may have in normal and cancer tissues.
Materials and Methods
Cell line cultures
Lung cancer cell lines A549 (human lung adenocarcinoma, CLS GmbH, Germany), and H1299 (human non-small cell lung carcinoma, ATCC), glioblastoma cell lines U87MG (human glioblastoma-astrocytoma, CLS GmbH, Germany) and T98G (human glioblastoma multiforme, ATCC), breast cancer cell lines (HER2+ BT474, HER negative MDA-MB-231, DA3; ATCC), as well as embryonic MRC5 fibroblasts cell lines (CLS Cell Line Service, Germany) were cultured using DMEM basal medium (31885-023, Gibco). HUVEC cells (CLS Cell Line Service, Germany) cultured in specific medium (EBM™-2 Basal Medium with EGM™-2 SingleQuots™ of Growth Factors; Lonza) were also studied. The basal culture medium was supplemented with 10% FBS (FB-1000/500, Biosera), 100 units/ml Penicillin and 100 μg/ml Streptomycin (15140-122, Gibco) and 2 mM L-Glutamine (25030, Gibco). Cells were maintained at standard conditions, 37°C, 5% CO2 in humidified atmosphere and were used upon reaching 70-90% confluence.
Chemicals
The cell cultures were treated separately, as specified for 24h incubation time with Leptomycin B (L2913, Sigma-Aldrich) at a final concentration of 20 ng/ml and Ivermectin (I8898, SigmaAldrich) at a final concentration of 100 μg/ml.
Identification of LC3A, B and C specific antibodies
To test specificity of commercially available antibodies regarding their specificity for LC3A or LC3B the following antibodies were used against the commercial available human recombinant proteins LC3A (H00084557-P01, Abnova) and LC3B (H00081631-P01, Abnova):
Regarding the anti-LC3C anibody, we used the rabbit polyclonal (18726-1-AP, Proteintech Europe) antibody. The specificity of the anti-LC3C antibody used has been previously reported (http://www.ptglab.com/Products/Search.aspx?key=LC3C).
Exposure to Bafilomycin
LC3A and LC3B were analyzed in cell lines under exposure to the autophagy disrupting agent bafilomycin A [8] . Bafilomycin A is a specific inhibitor of the vacuolar type H(+)-ATPase (V-ATPase) in cells, inhibits the acidification of organelles containing this enzyme (such as lysosomes and endosomes) and, furthermore, inhibits the fusion of autophagososomes with the lysosomes [8] . Assessment was performed 24 hours after incubation of cells with 100 nM bafilomycin.
SDS-PAGE and Immunoblotting
Cells were washed with PBS twice and lysed in a sucrose-based lysis buffer (0.25 M sucrose, 25 mM Tris-HCl, pH 7.4) containing protease inhibitors (complete mini protease inhibitor cocktail, Roche Diagnostics GmbH) and phosphatase inhibitors (phosphatase inhibitor cocktail, Cell Signaling Technology). A differential centrifugation of the whole-cell lysates led to nuclear, supernatant (cytoplasmic-water soluble proteins) and pellet (membrane proteins) fractions. Protein quantification was performed according to the Pierce™ BCA Protein Assay Kit (#23225, Thermo Scientific).
Protein samples were separated on discontinuous SDS gels using 10% separating gel for Beclin-1 while for LC3A, LC3B and LC3C 12.5% separating gel was used. Moreover, 5% stacking gel was used. Forty nanograms of samples analyzed on the gel. Immunoblotting was performed utilizing PVDF-PSQ membranes (Millipore Corp.). Then, membranes were blocked with 5% non-fat dry milk in 150 mM NaCl, 10 mM Tris, pH 7.5 (TBS) and 0.1% (v/v) Tween-20 at room temperature for 2 hours followed by the hybridization overnight at 4°C with primary antibodies. The membranes were then hybridized for 2hr at room temperature with the secondary antibody, goat polyclonal to rabbit IgG-HRP (1:3.000, Biorad, 1706515, USA) or goat polyclonal to mouse IgG-HRP (1:3.000, Biorad, 1706516, USA). Bands were developed using Chemidoc MP Imaging System (Biorad, USA).
The primary antibodies used were: i) rabbit polyclonal to LC3A (1:1.000, ab62720, Abcam, a synthetic peptide PSDRPFKQRRSFADR conjugated to KLH by a Cysteine residue linker, corresponding to amino acids 2-15 of Human MAP1LC3A), ii) mouse monoclonal antibody to LC3B (1:1.000; LC3B 5F10 Nanotools), iii) rabbit polyclonal antibodies to MAP1LC3C (1:1.000, ProteinTechLab) and iv) rabbit polyclonal antibody to Beclin-1 (1:2.000, A303-673A, Bethyl Laboratories, Inc., USA) Each of these blots was then stripped, dried overnight, re-hybridized with mouse monoclonal antibody to Actin beta (1:5000, NB600-501, Novus Biologicals). . These were custom synthesized from Shanghai GenePharma Co., Ltd (China). These were used at 20-50 nM to transfect cells using HiPerfect (QIAGEN) for 24 h, while the silencing efficiency of siRNAs was confirmed both by confocal microscopy and western blot after 24 h.
Confocal immunofluorescence and Image analysis
For immunofluorescence staining, cells were grown on No. 1.5 glass coverslips, fixed in 3.7% paraformaldehyde/PBS pH 7.4 for 20 min at 37°C and then permeabilized in PBS/0.1% v/v Triton X-100 pH 7.4 for 5 min at room temperature. In addition, cells were blocked in PBS/5% w/ v BSA pH 7.4 for 20 min and stained with various primary antibodies: anti-ki67 (MIB1) mouse monoclonal (1:150; DAKO), anti-LC3A rabbit polyclonal (1:500; Abcam), anti-LC3C rabbit polyclonal (1:200; Proteintech Europe), anti-LC3B mouse monoclonal (1:200; Nanotools) and anti-Beclin-1 rabbit polyclonal (1:100, ab62557, Abcam) for 1 h at room temperature. Cells were washed in PBS pH 7.4, incubated with appropriate CF 488 and 564 secondary antibodies at RT and DNA was counterstained with Hoechst 33342 (1 μg/ml; Sigma-Aldrich). After final washes coverslips were mounted in homemade Mowiol mounting medium. Imaging was performed on a customized Andor Revolution Spinning Disk Confocal System built around a stand (IX81; Olympus) with a 60x lens and a digital camera (Andor Ixon+885) (CIBIT Facility, MBG-DUTH). Image acquisition was performed in Andor IQ 2 software. Optical sections were recorded every 0.3 μm. All confocal microscopy images presented in this work are 2D maximum intensity projections of z-stack images, and image analysis for the obtained data sets has been performed using ImageJ 1.47v (National Institute of Health, USA). Co-localisation analysis images and calculation of the Pearson's coefficient for the analyzed images were performed using a combination of the Colocalization Finder and the Coloc 2 plugins in ImageJ.
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